ABSTRACT: The thermal conductivity of three mixtures of nitrogen and cyclopentane is measured using a transient hot wire method, at temperatures between 315.14 and 395.89 K, and pressures up to 0.53 MPa. These mixtures are important in the evaluation of the evolution of the thermal insulation capacity of closed-cell polyurethane foams considering their aging during the respective applications' total life time. The experimental thermal conductivity data are correlated with the Wassiljewa mixing rules as modified by Mason and Saxena, and predicted using extended corresponding states theory (ECST), with an average absolute deviation of 1.1 and 8.9%, respectively. The increase of the nitrogen fraction in cyclopentane-nitrogen mixtures leads to higher thermal conductivity values than has been predicted by ECST using only pure component thermal conductivity data for all measurements.
INTRODUCTION
O wing to their high thermal insulating capacity, rigid polyurethane (PUR) and polyisocyanurate (PIR) foams are used in a large number of applications, for example, for thermal insulation boards, pipe insulation, technical refrigeration processes, or in the appliance industry. For example, for domestic refrigerators and freezers, PUR foam is the preferred insulating material. This can be explained because self-adhesive rigid foam systems enable a weight-saving sandwich construction to be produced in a single operation. The excellent thermal insulating properties permit a relatively small wall thickness. The insulation capacity of the PUR foam is mainly due to the gases trapped inside the closed cells (blowing agents), that are responsible for 60-65% of the heat transfer through the foam. The effectiveness of a foam blowing agent as an insulator can be characterized by its thermal conductivity in the gas phase relative to the thermal conductivity of air (typically 27 mW m À1 K
À1
at 300 K) that it displaces [1] . Until 1995, CFC-11 was widely used due to its low vapor phase thermal conductivity of 8.3 mW m À1 K À1 at 300 K [2] .
The phaseout of CFC-11 as a foam-blowing agent due to its high ozone depletion potential, as called for under the Montreal Protocol, is well underway. In North America, after having used HCFCs (mostly HCFC141b) for some years as blowing agents, regulations have led to HFCs (primarily HFC-245fa and HFC-134a) as the preferred approach, since they have zero ozone depletion potential. As compared to hydrocarbons, HFC-245fa has the advantages of a lower gas phase thermal conductivity and of being nonflammable. In Europe, hydrocarbons (mostly cyclopentane and cyclopentane mixtures) have been chosen because of the importance placed on direct emissions of global warming substances [3] . Cyclopentane and cyclopentane mixtures present a zero ozone depletion potential and a much lower global warming potential than HFCs while retaining excellent thermophysical properties for this application. Cyclopentane and cyclopentane mixtures have become the dominant blowing agents in Europe, having taken over nearly 100% of the German market.
As the foam gets older, it loses a considerable part of its thermal efficiency, since due to diffusion into and out of the foam, the composition of the gas in the closed cells is changing with time. Investigations at the Oak Ridge National Laboratory have shown that the thermal conductivity of PUR foam shows an initial rapid increase, which is attributed to diffusion of air into the cells of the foam, followed by a more gradual increase, which is attributed to diffusion of the blowing agent out of the cells [4] .
The kinetics of aging due to diffusion into and out of the foam is dependent on the properties of the foam (e.g., type of isocyanate, type of polyol, cell size, cell openness, blowing agents, initial cell gas composition) and the interactions of cell gases and the gases in the environment with the foam, for example, solubilities and diffusion coefficients. Our investigations are focussed on the thermal conductivity of the cell gas mixture. The results are independent of the properties of the foam. Initially, the cell gas mainly consists of the blowing agent, carbon dioxide, and certain amount of water. With aging, it contains a rising amount of air. Keeping in mind that nitrogen is the more abundant component of air, the study of the thermal conductivity of nitrogen with blowing agent mixtures can give an insight of the efficiency of the aged foam.
In this work, the thermal conductivity of mixtures of nitrogen and cyclopentane was measured using a transient hot wire method, at temperatures between 315.14 and 395.89 K, and pressures up to 0.53 MPa. The obtained results were correlated with the Wassiljewa mixing rule modified by Mason and Saxena. Also, the extended corresponding states theory (ECST) was used to predict the mixture behavior. The ECST was used as it was described in a previous paper [5] with an adjusted proportionality factor, f int , for each pure component.
EXPERIMENTAL
The experimental thermal conductivity measurements were carried out in an apparatus based on the transient hot wire method. Since a detailed description of the apparatus and the technical details are given elsewhere [5] [6] [7] [8] , only a short description is given here. The measuring cell (stainless steel, 1.4571) consists of two parallel chambers with bare platinum wires of different lengths (ratio of lengths ¼ 0.28) and 10 mm in diameter. The second wire was used to compensate the end effects. The cavity around the hot wires is stainless steel and has a diameter of 16 mm. A schematic view of the apparatus is depicted in Figure 1 . The temperature was controlled with an air thermostat within AE0.1 K. The temperature was measured using calibrated Pt 100 resistance thermometers with an uncertainty within AE0.1 K, which might lead to an error of AE0.01 mW m À1 K À1 or 0.06% for the thermal conductivity. The pressure sensors used were transducers from Keller, which were calibrated using a pressure balance (DESGRANGES ET HUOT; Druckblock 410, Type 26000 M, Terminal 20000). The uncertainty of the pressure measurement is within AE0.1 kPa.
The basic theory behind the transient hot wire method is given by Healy et al. [9] . The essential feature of the transient hot wire method is the precise determination of the transient temperature with a thin metallic wire. This is determined from measurements of the resistance of the wire over a period of a few seconds, followed by the initiation of the heating cycle with a ÁT ¼ (2.000 AE 0.025) K. For cylindrical wires with radius r 0 , the ideal temperature rise ÁT on the surface of the wire can be calculated using Equation (1) .
is the thermal conductivity at the temperature and density reference conditions, a is the thermal diffusivity, a ¼ /(C P ), q is the heat flow through the wire, t is the time, and C ¼ exp() ¼ 1.7811. . . is the exponential of Euler's constant . In this work, several corrections to the ideal transient hot wire method were made: corrections due to the finite radius of the wire (5 mm) and due to the existence of an outer isothermal boundary layer. In order to give a sufficiently large linear portion to obtain reliable results for the slope of the temperature rise versus logarithm of time, only the lowest pressure part of the measurements were selected. For each temperature, 40-80 individual data points were taken at different pressures. For the evaluation of the experimental thermal conductivity data, the second virial coefficient and the vapor phase heat capacity of the investigated substances (pure component or mixture) at the temperature and pressure conditions of the experiments had to be known. The pure component virial coefficients were taken from the Bayer thermophysical property database. The vapor phase heat capacity values of nitrogen and of cyclopentane were determined with the Lee-Kesler-Plöcker model [10, 11] . The mixture values were calculated by using the arithmetic mean of the pure component values.
The mixtures were prepared before the experiments in a thermostated mixture cell. The temperature was selected to be sufficiently high (T ¼ 393.15 K) so that no condensation could occur during the preparation of the mixture. The density of the mixture to be investigated was calculated for the desired mixing pressure and temperature using the Lee-Kesler-Plöcker model [10, 11] . Using this information, the filling pressure of the first component (cyclopentane) was calculated. Then, the second component (nitrogen) was carefully added until the desired mixing pressure was reached. The mixture cell was used as a storage container, so that all experiments for a certain composition were performed with the same gas mixture.
Nitrogen was used with no further purification; cyclopentane was degassed by successive melting/freezing cycles while vacuum pumping noncondensable gases.
Before starting the thermal conductivity measurements with the nitrogen and cyclopentane mixtures, the accuracy of the apparatus was checked by measuring the thermal conductivity of the vapor phase of nitrogen at five different temperatures between 315.14 and 395.89 K and at pressures up to 0.514 MPa. An excellent agreement was found between our results and the NIST data [12] , with an overall average absolute deviation of 0.6%. The uncertainty at the level of 95% confidence of the experimental data, including the extrapolation to atmospheric pressure, is estimated to be within AE3%.
THERMAL CONDUCTIVITY MODELING
Two methods were used to calculate the thermal conductivity of the mixtures measured in this work: the Wassiljewa [13] mixing rules modified by Mason and Saxena [14, 15] and the extended corresponding states theory [16, 17] . The gas mixture thermal conductivity, m , using the Wassiljewa mixing rules can be calculated using Equation (2),
where n is the number of components of the mixture, i is the thermal conductivity of pure component i, and y i and y j are mole fractions of i and j, respectively. The Wassiljewa function, A ij , can be calculated as proposed by Mason and Saxena in Equation (3),
where M is the molecular weight, " is an adjustable parameter near unity, and tr is the monatomic value of the thermal conductivity. The ratio of translational thermal conductivities, tri / trj , was calculated as proposed by Roy and Thodos [14] ,
where T r is the reduced temperature and À is given by Equation (5).
The thermal conductivity was also predicted using the ECST according to the formalism of Ely and Hanley [16] , where the thermal conductivity is considered to be a summation of two terms: one arising from the transfer of energy due to translational effects, trans , and the other due to the internal degrees of freedom, int . Thus,
The contribution to trans is expressed as a sum of a low-density contribution, *, and a density-dependent contribution,
The exact equations to calculate these contributions have been derived before [16, 17] . It was observed that the density-dependent translational contribution, þ (, T), is almost negligible for the thermal conductivity of low pressure gases (below few tenths of a percent), and the shape factors could be set to unity. The term int (T) has the dominating role in the thermal conductivity value of low-pressure gases. It is usually calculated using the modified Eucken correction for polyatomic gases [18] int
where * is the dilute-gas viscosity, which can be estimated from kinetic theory, C id p the constant pressure ideal gas heat capacity, R the universal gas constant, and f int a proportionality factor. In this work, C id p was calculated using Joback's group contribution method [14] . The f int was used as an adjustable parameter, and it was fitted to experimental pure fluid thermal conductivity data.
RESULTS
Three different mixtures of nitrogen with cyclopentane were prepared: Mixture A, 75.5% of nitrogen with 24.5% of cyclopentane (mole/mole), Mixture B, 50.0% of nitrogen with 50.0% of cyclopentane (mole/mole), and Mixture C, 25.9% of nitrogen with 74.1% of cyclopentane (mole/mole). The pressure dependence of the thermal conductivity for each mixture at each temperature is presented in Tables 1-3 and shown in Figures 2-4 . The usual behavior of gas phase thermal conductivity at variations of pressure and temperature [14] , that is an increase of the thermal conductivity with pressure and with temperature, was observed.
The thermal conductivity performance of PUR cell gas is usually compared at a pressure of 0.1013 MPa. Therefore, it is a standard procedure to fit the isothermal data to a linear correlation to find the thermal conductivity at 0.1013 MPa. These data were correlated with a simple linear equation
where P is the pressure in MPa and is in mW m À1 K À1 , where a
and a (0) are the coefficients of the linear equation. The temperature
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where T is the temperature in K, b (1) and b (0) are the coefficients. The experimental coefficients of the pressure and temperature dependence, from Equations (9) and (10), for each one of the three investigated mixtures are presented in Tables 4-6. 
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The linear temperature dependence of the experimental thermal conductivity at 0.1 MPa of the three mixtures are compared with the thermal conductivity of nitrogen and cyclopentane in Figure 5 . The dew point curve, below which the mixture of nitrogen and cyclopentane is no longer homogeneous in the vapor phase, is also depicted in Figure 5 . The linear equation correlates very well the temperature dependence of the thermal conductivity of the mixtures and of the pure components. the pure components is presented in Figure 6 clearly shows that it is not possible to accurately predict the thermal conductivity of nitrogen and cyclopentane mixtures when only pure fluid component data are used.
CONCLUSIONS
The thermal conductivity of mixtures of nitrogen with cyclopentane were measured using the transient hot wire method at temperatures between 301.95 and 398.92 K and up to 0.514 MPa. The modified Wassiljewa mixing rule was successfully used to correlate the experimental thermal conductivity data, using one adjustable parameter. The thermal conductivity predictions obtained with ECST present lower values for the three working mixtures than the experimental data. This behavior was observed before for other blowing agent mixtures [5] . In addition, these predictions show minima at each temperature, approximately 0.35 and 0.1 mole fraction of nitrogen at 313.15 and 353.15 K, respectively. The fact that the thermal conductivity of these mixtures are being underestimated means that the thermal insulation capacity of the PUR foam using these mixtures as blowing agent is in fact worse, closer to the behavior of air, than what could be expected.
It can be concluded from this work that further investigations need to be done in the development of a predictive model for the vapor phase thermal conductivity. In the meantime, due to the discrepancies between the experimental data and the predictive model, more experimental data on the thermal conductivity of cell gas mixtures (blowing agents, carbon dioxide, nitrogen and oxygen) are needed. 
